Abstract Ammonia is a major environmental factor influencing biomethanation in full-scale anaerobic digesters. In this study, the effect of different ammonia levels on methanogenic pathways and methanogenic community composition of full-scale biogas plants was investigated. Eight full-scale digesters operating under different ammonia levels were sampled, and the residual biogas production was followed in fed-batch reactors. Acetate, labelled in the methyl group, was used to determine the methanogenic pathway by following the 14 CH 4 and 14 CO 2 production. Fluorescence in situ hybridisation was used to determine the methanogenic communities' composition. Results obtained clearly demonstrated that syntrophic acetate oxidation coupled with hydrogenotrophic methanogenesis was the dominant pathway in all digesters with high ammonia levels (2. ? -N L -1 ), while acetoclastic methanogenic pathway dominated at low ammonia (\1.21 g NH 4
Introduction
Anaerobic digestion (AD) is a biological process which catabolises complex organic compounds (Minale and Worku 2013) . AD is mediated by different microorganisms, mainly protozoa, fungi, bacteria and archaea, to produce biogas (40-75 % CH 4 and 25-60 % CO 2 ) from diverse organic substrates (Angelidaki et al. 2011) . The archaea involved in the AD process are members of acetate utilising order Methanosarcinales (comprising two families: Methanosarcinaceae, versatile acetoclastic methanogens, and Methanosaetaceae, strictly acetoclastic methanogens) and strictly hydrogenotrophic Methanomicrobiales, Methanobacteriales, Methanococcales and Methanopyrales orders (Sarmiento et al. 2011) . The complex organic substrates cannot be used by methanogens directly and must be catabolised by the other microorganisms mediating anaerobic digestion to substrates (e.g. acetate or H 2 and CO 2 ) suitable for methanogenesis. Hydrogenotrophic methanogens develop a syntrophic association with the syntrophic acetate-oxidising bacteria (SAOB). Acetate oxidation (CH 3 
) is a thermodynamically unfavourable bioreaction at standard conditions; however, coupling of the acetate oxidation with hydrogenotrophic methanogenesis (4H 2 kJ mol -1 ), and the overall process becomes favourable. The interspecies hydrogen transfer between SAOB and hydrogenotrophic methanogens has been well described (Stams et al. 2006) . Ammonia (ammonium ? free ammonia) is the major toxicant in full-scale anaerobic digesters, leading to suboptimal utilisation of the biogas potential of the feedstocks and causing economic losses to biogas production plants. High ammonia levels are often encountered in residues (e.g. pig, poultry and mink manures, slaughterhouse by-products), which otherwise would be highly suitable for biogas production. Anaerobic degradation of these residues can contribute to the increasing global need for more renewable energy sources and, consequently, lead to a future independence from the fossil fuels. Therefore, this ambitious goal requires an efficient industrial process for optimum biogas production, even from ammonia-rich substrates, as long as the ammonia toxicity problem is solved. Free ammonia, which increases concurrently with the temperature and pH, has been identified as the main component causing methanogenesis inhibition (de Baere et al. 1984) . Generally, for ammonia non-acclimatised methanogenic cultures, total ammonia and free ammonia concentrations over 3 g NH 4
? -N L -1 and 0.15 g NH 3 -N L -1 , respectively, are known to inhibit methanogenesis independently of temperature and pH levels (Yenigün and Demirel 2013) .
The only realistic way today to counteract ammonia toxicity is to lower the temperature of the digester reducing the free ammonia levels (Nielsen and Angelidaki 2008a) . However, this method can alleviate ammonia toxicity only to a limited range (Nielsen and Angelidaki 2008b) . Other traditional physicochemical methods, based on addition of ammonium-binding ions (Kougias et al. 2013) , increasing the C/N ratio, dilution with water (Nielsen and Angelidaki 2008a) or striping of ammonia (Nakashimada et al. 2008) , have not shown any practical applicability, and they are either unrealistic or too expensive.
When other important environmental factors (temperature, pH and volatile fatty acids (VFA)) are within optimum range, it is generally accepted that ammonia levels determine the dominant methanogenic pathway and the methanogenic community profile in laboratory-scale anaerobic reactors (Chen et al. 2008) . The composition, the relative abundance and the interactions within the methanogenic community are critical for the performance of the anaerobic digester (Angelidaki et al. 2011) . Among different microorganisms mediating AD, methanogens are the most sensitive to ammonia inhibition (Kayhanian 1994) . According to the literature, ammonia is mainly inhibiting the acetoclastic methanogenic (ACM) pathway, leading to VFA accumulation and suboptimal biogas production (Yenigün and Demirel 2013) . Furthermore, syntrophic acetate oxidation followed by hydrogenotrophic methanogenesis (SAO-HM) metabolic pathway seems to be more robust to ammonia toxicity (Chen et al. 2008) .
Up to now, research on how ammonia affects microbial composition and biochemical pathways has mainly focused on laboratory-scale biogas digesters. It is not clear how the methanogenic microbial communities respond to ammonia exposure in the complex environments of full-scale digesters. Therefore, it is necessary to obtain fundamental knowledge of the relations between ammonia and microbial ecology, which would assist the development of new microbiological methods to counteract ammonia inhibition. Thus, the aim of the present study was to investigate the effect of different ammonia levels on methanogenic pathways and methanogenic communities in full-scale anaerobic digesters. The work presented in this study was conducted in the Technical University of Denmark and was completed in November 2012.
Materials and methods

Inocula and media
A total of eight Danish centralised biogas plants (CBP) operating under different temperatures, hydraulic retention times, VFA and ammonia levels were sampled (Table 1 ). All digesters were fully mixed tank reactors. The selection of those plants was based on previous studies (Karakashev et al. 2005; Karakashev et al. 2006) in order to define representative groups of reactors within desired range of ammonia concentrations (low:
and high: [2.8 g NH 4 ? -N L -1 ), primary feedstocks and temperatures.
The feedstock for six of the digesters (Nysted, Hashøj, Vegger, Studsgård, Snertinge and Lemvig) consisted of 70-90 % animal manure and 10-30 % organic waste from abattoirs or food industries. Two CBP (Lundtofte and Hillerød) were fed with primary and secondary WWTP sludge. The samples were collected from the effluent lines of the digesters and immediately transferred in 2-L polyvinyl chloride containers closed with one-way valve on the lid to release overpressure created by residual biogas production. The sealed containers were transported to the laboratory within 24 h.
Experimental setup
In the experiments, 118-mL fed-batch reactor vessels (serum vial type) were used. 40 mL inocula were dispensed anaerobically under a N 2 /CO 2 (80/20 %) headspace in fedbatch reactors which were closed with butyl rubber stoppers, sealed with aluminium caps and incubated at respective temperatures where the inocula were taken from (Table 1) . All experiments were conducted in triplicates. In order to follow the residual biogas production of the inocula and define the methanogenic pathway, the following fed-batch reactors were included: a) three fed-batch reactors with inoculum only for estimation of residual methane production and b) three fed-batch reactors containing 47.58
[2-14 C] sodium acetate (Amersham Pharmacia Biotech, England) for methanogenic pathway identification (calculation of 14 CO 2 / 14 CH 4 ratio).
Analytical methods
Methane production was determined using gas chromatograph (Shimadzu GC-8A, Tokyo, Japan) equipped with a glass column (2 m, 5 mm OD, 2.6 mm ID) packed with Porapak Q 80/100 mesh (Supelco, Bellefonte, PA, USA) and with a flame ionisation detector (FID). The oven temperature was 70°C, and nitrogen was the carrier gas. Total nitrogen (TKN), total ammonia and pH were determined according to APHA's standard methods (APHA 2005) . VFA were determined using gas chromatograph (HP 5890 series II) equipped with a flame ionisation detector (FID) and an HP-FFAP column as described previously (Kotsopoulos et al. 2009 ). The pH of the fed-batch reactors was measured before and after the experimental period with PHM99 LAB pH meter (Radiometer TM ). All the analyses were carried out in triplicate, and the average values are presented with the corresponding standard deviations calculated from the analyses. All the results are given under standard temperature and pressure conditions.
FISH analyses
FISH was used to identify the methanogenic microbial populations as described before by Hugenholtz (2002) . Samples for FISH analyses were taken before the experiments. The probes used along with their target domains, orders or families are presented in Table 2 . All probes were used at optimal stringency with 0-50 % formamide as described in previous work (Fotidis et al. 2013b ). ARC915 was used to identify all members of the Archaea domain, and EUB338 and EUB338 ? were used for all bacterial members. 0.35 mg L -1 of 4 0 , 6 0 -diamidino-2-phenylindole (DAPI) in Milli-Q water was used for total cell identification. Following hybridisation, slides were visualised with an epifluorescence microscope (Olympus BX60, Olympus Corporation of the Americas). Microphotographs were taken with a Leica DFC320 camera (Leica Microsystems Imaging Solutions Ltd, United Kingdom). Excitation channels were 353 nm, 488 nm and 545 nm for DAPI (blue emission filter), 6-FAM fluorescein amidite (green emission filter) and Cy3 fluorochrome (red emission filter), respectively. The determination of the dominant methanogenic populations was based on approximately 20 microscope fields examined using 639 1.4-fold objective lenses, expressing approximately 2,000-10,000 individual cells. Dominant and non-dominant methanogenic groups represented 50-100 and 1-49 % of all Archaea members (positive for ARC915), respectively. Finally, hydrogenotrophic Primary feedstock
Free ammonia Methanopyrales spp. (Shima et al. 1998 ) has a hyperthermophilic (optimum temperature 98°C) member species and was not considered further in this study.
Radioisotopic analyses
As it has been demonstrated before (Fotidis et al. 2013b 14 C] acetate radioactivity. All radioactivity measurements were taken in triplicates using a liquid scintillation counter (Tri-Carb 1600; PerkinElmer Company), according to Fotidis et al. (2013b) .
Calculations
Free ammonia
Free ammonia concentrations were calculated from the equilibrium of Eq. (1) (Fotidis et al. 2013b) :
where [NH 3 ] and [NH 3 ? NH 4 ? ] are the free and total ammonia concentrations, respectively. K a is the dissociation constant, with values 1.13 9 10 -9 , 1.28 9 10 -9 , 1.29 9 10 -9 , 3.27 9 10 -9 , 3.37 9 10 -9 and 3.89 9 10 -9
for 35, 37, 38, 52, 52.5 and 55°C, respectively, calculated as described previously (Hafner et al. 2006 ) with the use of the corresponding pH values (Table 1) .
Growth rate
The maximum specific growth rate of the mixed methanogenic cultures (l max ) was calculated from the slope of the linear part of the graph of residual methane production (natural logarithm) versus time as described before (Gray et al. 2009 ).
Statistical analysis
The GraphPad Prism program (Graphpad Software, Inc., San Diego, California) was used to perform statistical analysis. The Student's t test for statistically significant difference (P \ 0.05) was used to compare the specific growth rates of the different methanogenic populations, and all values were the mean of three independent replicates (n = 3) ± standard deviation (SD). Results and discussion
Maximum specific growth rates
All eight fed-batch reactors produced methane without any lag phase for 18-22 days before they enter into the ''stationary phase'', demonstrating a normal AD process (data not shown). The current results did not establish a clear correlation between l max and ammonia levels (Fig. 1) of the full-scale digesters tested. The highest l max (statistically significant difference, P \ 0.05) was found at high ammonia levels (2.93 g NH 4 ? -N L -1 ), and the lowest l max (statistically significant difference, P \ 0.05) was found at medium ammonia levels (2.26 g NH 4
? -N L -1 and 2.44 g NH 4
? -N L -1
(statistically no significant difference, P [ 0.05)). In all the other ammonia concentrations, l max varied between 0.050 and 0.061 h -1 (Fig. 1) . This indicates that some degree of acclimatisation of the corresponding methanogenic cultures to the different ammonia levels in the digesters had occurred through long-term exposure (Rajagopal et al. 2013) . Nevertheless, mixed mesophilic methanogenic cultures digesting animal manure at low ammonia and low free ammonia levels were previously reported to have l max of 0.1 h -1 (Koster and Koomen 1988) , which is significantly higher compared to the growth rates found in the current study. Therefore, it can be concluded that all the digesters treating manure, tested in the current experiment, were operating under ''inhibitory steady state'' affected by the ammonia and/or free ammonia inhibitory levels (Nielsen and Angelidaki 2008b) .
Low l max in digesters with high VFA levels (above 1.5 g HAc L -1 , in cases of Lemvig and Snertinge) can be explained by the ammonia-VFA synergistic effect demonstrated previously by Lu et al. (2013) . Furthermore, Angelidaki et al. (2005) have identified 1.5 g HAc L -1 as the VFA threshold for a healthy AD process in full-scale anaerobic digesters. The highest growth rates were observed in mesophilic and thermophilic digesters with initial VFA levels between 0.5 and 1.1 g HAc L -1 , no matter of the ammonia levels (Fig. 1) . Conversely, other studies have reported that VFA accumulation alleviates free ammonia toxicity in anaerobic digesters (Angelidaki et al. 1993; Hansen et al. 1998 ). Specifically, biomethanation process instability due to ammonia toxicity results in VFA accumulation, which leads to a pH decrease, alleviating consequently the free ammonia inhibition effect (Hejnfelt and Angelidaki 2009 ). This decrease in free ammonia could be an explanation for the stability of the process under increased VFA ([1.5 g HAc L -1 ) and Fig. 1 Maximum specific growth rate (l max ) versus ammonia concentrations of the full-scale digesters. M and T represent mesophilic and thermophilic working conditions, respectively. Error bars denote standard deviation from the mean of triplicate measurements CH 4 ratio plotted with ammonia (2a) and VFA (2b) concentrations in full-scale digesters used in the experiments and the dominant methanogens. M and T represent mesophilic and thermophilic working conditions, respectively. Error bars denote standard deviation from the mean of triplicate measurements ammonia levels ([2 g NH 4 ? -N L -1 ), with lower but stable growth rates (Rajagopal et al. 2013) . Although the ammonia-VFA synergistic effect in full-scale digesters has yet to be determined, our results suggest that when both ammonia and VFA levels are increased, AD process is affected.
Dominant acetate degradation pathway and methanogenic populations
At high ammonia ([2.8 g NH 4 ? -N L -1 ) and high free ammonia ([0.44 g NH 3 -N L -1 ) levels, SAO-HM pathway was the dominant pathway (Fig. 2) mediated by hydrogenotrophic methanogens belonging to Methanomicrobiales spp. and Methanobacteriales spp., respectively (Fig. 3) . The findings in this study clearly indicate that, in full-scale digesters, hydrogenotrophic methanogenic Archaea were tolerant to ammonia toxicity. These results are in agreement with previous laboratory-scale studies (Demirel and Scherer 2008; Ahring 1995) . Hence, from data illustrated in Fig. 2 and Table 3 , it can be concluded that the dominant methanogenic pathway and the abundance of the dominant methanogens are correlated with ammonia levels in the full-scale digesters.
An interesting finding was the identification of the nondominant Methanococcales spp. (Table 3 ) in a manure-fed digester (Nysted). This hydrogenotroph is not very common and usually appears in marine environments and wastewater-fed anaerobic digesters (Tabatabaei et al. 2010; Tumbula and Whitman 1999) . Nevertheless, Methanococcales spp. have also been recently identified in continuous anaerobic digesters using fibrous biofilm carriers, treating mainly (75 %) fresh cow manure (Gong et al. 2011) .
In anaerobic digesters, free ammonia levels increase concurrently with pH increase (Chen et al. 2008) . Furthermore, pH values less than 6.8 and greater than 8.3 would cause process failure during AD (Banu et al. 2007 ). In the current study, isotopic analyses revealed that SAO-HM pathway was dominant in all digesters with pH above 7.8 (Table 1 ; Fig. 3 ). High pH often coincides with high ammonia concentrations, which is consistent with the dominance of SAO-HM. Contrary to our results, Hao et al. (2012) reported that SAO-HM pathway was promoted by low pH (5.0-6.5) in laboratory-scale experiments. This inconsistency between the previously mentioned laboratory-scale results and the full-scale findings suggests that free ammonia (and not pH) is one of the key environmental factors determining the methanogenic pathway in the complex anaerobic environments. Thus, based also on findings in previous studies (Fotidis et al. 2013a) , it is possible to introduce SAO-HM pathway in a digester by controlling the ammonia levels as long as a ''critical biomass'' of ammonia-tolerant fast-growing methanogenic consortium is present. If ammonia-tolerant consortia are not present, a technical approach to overcome ammonia inhibitions could be bioaugmentation (Schauer-Gimenez et al. 2010 ) of ammonia-tolerant methanogenic consortia in anaerobic digesters operating under high ammonia levels. Unfortunately, this has not been demonstrated yet. According to recent study (Westerholm et al. 2011 ), a bioaugmentation attempt in continuous laboratory-scale reactors was proven to be unsuccessful. Interestingly, in Fig. 3 Distribution of the dominant methanogens plotted with ammonia versus free ammonia concentrations in full-scale digester samples used in the experiments. MB Methanobacteriales spp., MG Methanomicrobiales spp., MS Methanosarcinaceae spp., MX Methanosaetaceae spp. M and T represent mesophilic and thermophilic working conditions, respectively. Error bars denote standard deviation from the mean of triplicate measurements (Westerholm et al. 2011 ) but also capable of acclimatising to high ammonia and free ammonia levels (Jarrell et al. 1987) . Nevertheless, the presence of Methanosarcinaceae spp. at high free ammonia levels (Fig. 2) indicates that acclimatisation of this methanogen to these free ammonia levels is also possible in full-scale digesters. At low ammonia concentrations (\1.5 g NH 4
? -N L -1 ), ACM was found to be the sole dominant pathway, mediated by Methanosaetaceae spp. (Fig. 3; Table 3 ). These findings are in agreement with previous researches, reporting that Methanosaetaceae spp. was the dominant methanogens in WWTP digesters operating under low ammonia and VFA levels (Karakashev et al. 2006) . The current study was not aiming to perform a comparative analysis of the evolution of the dominant methanogens in the full-scale digesters through time. Nevertheless, the simple comparison of data derived from the same reactors seven years ago (Karakashev et al. 2005 ) and the current study indicates that the reactors with low (\1.5 g NH 4
? -N L -1 ) ammonia levels tend to have more stable dominant methanogenic communities compared to the reactors with medium and high ([1.5 g NH 4 ? -N L -1 ) ammonia levels. Undoubtedly, long-term monitoring of the microbial composition and the corresponding ammonia levels in the full-scale digesters is required before a link between the methanogens' population stability and ammonia levels is established.
Conclusion
This study investigated the effect of different ammonia levels on methanogenic pathways and methanogenic communities of eight full-scale anaerobic digesters. Ammonia and free ammonia levels were shown to have profound effect on the methanogenic pathway and methanogenic community profile of the full-scale anaerobic digesters tested. Furthermore, SAO-HM pathway was found to be dominant, mediated by Methanobacteriales spp. and Methanomicrobiales spp. at high ammonia ([2.8 g NH 4 ? -N L -1 ) and high free ammonia levels ([0.44 g NH 3 -N L -1 ), respectively. Results obtained pointed out that bioaugmentation of ammonia-tolerant methanogenic consortia in anaerobic digesters operating under high ammonia levels could be a technical approach to solve the ammonia toxicity problem.
